The confocal microscope was used to determine the pH of the leaf apoplast and the pH of microvolumes of xylem sap. We quantified variation in leaf apoplast and sap pH in relation to changes in edaphic and atmospheric conditions that impacted on stomatal sensitivity to a root-sourced abscisic acid signal. Several plant species showed significant changes in the pH of both xylem sap and the apoplast of the shoot in response to environmental perturbation. Xylem sap leaving the root was generally more acidic than sap in the midrib and the apoplast of the leaf. Increasing the transpiration rate of both intact plants and detached plant parts resulted in more acidic leaf apoplast pHs. Experiments with inhibitors suggested that protons are removed from xylem sap as it moves up the plant, thereby alkalinizing the sap. The more rapid the transpiration rate and the shorter the time that the sap resided in the xylem/apoplastic pathway, the smaller the impact of proton removal on sap pH. Sap pH of sunflower (Helianthus annuus) and Commelina communis did not change significantly as soil dried, while pH of tomato (Lycopersicon esculentum) sap increased as water availability in the soil declined. Increasing the availability of nitrate to roots also significantly alkalinized the xylem sap of tomato plants. This nitrogen treatment had the effect of enhancing the sensitivity of the stomatal response to soil drying. These responses were interpreted as an effect of nitrate addition on sap pH and closure of stomata via an abscisic acid-based mechanism.
There has been much recent interest in a role for xylem sap pH in modulating responses of stomata and the leaf growth response to a variety of environmental variables (e.g. Wilkinson, 2004) . Long-distance chemical signaling can be an important component of the plant's capacity to respond to a changing environment in such a way that gas exchange and growth and development are matched to resource availability. In some plants, alkalinization of xylem sap can be a response to soil drying (Wilkinson and Davies, 1997) , while sap pH can also increase when soils are flooded (Jackson et al., 2003) . Other authors have reported diurnal variation in sap pHs and also seasonal changes in sap pH that can be substantial . Supplying detached leaves with neutral or alkaline buffers (pH 7) via the transpiration stream can restrict transpiration and growth, and Wilkinson and Davies (1997) and Wilkinson et al. (1998) have suggested that changes in sap pH may be a very early indication to shoots that water availability in the soil is starting to decline.
Leaf apoplastic pH can have a direct physiological impact on both guard cell functioning and cell expansion, but it will also impact significantly on the effect exerted by the hormone abscisic acid (ABA) on both of these processes. This is because ABA is a weak acid (pKa 5 4.8) and will therefore be distributed within the cellular compartments of the plant according to the anion-trap concept and the Henderson-Hasselbalch equation (Slovik et al., 1995; Hartung et al., 2001) . Increases in apoplastic pH will result in greater accumulation of ABA in the apoplast, which can ultimately close stomata (Hartung, 1983; Hartung and Radin, 1989; Wilkinson and Davies, 1997) and limit shoot growth rates (Bacon et al., 1998) .
Nutrient relations of plants will also impact significantly on xylem sap pHs. Plants that are well supplied with nitrate will show higher xylem and apoplastic pH (Mengel et al., 1994; Mü hling and Lauchli, 2001) . Soil water deficit generally reduces nitrate uptake and transport to shoots in the xylem (Shaner and Boyer, 1976) , which should acidify sap, but this is not always the case as Goodger et al. (2005) have shown that mild soil drying can increase xylem nitrate concentrations. In addition to this, Lips (1997) has proposed a shift in nitrate reduction from shoots to roots as soil dries, and this will potentially impact significantly on sap pH in droughted plants. Nitrate reduction in roots may result in more malate and related compounds being loaded into the xylem under drought. This may result in an increase in sap pH, even if nitrate contents of sap are reduced as soil dries and N supply to the root surface is limited . Whatever the explanation for drought-induced changes in pH, it seems that there should be a clear interaction between N availability and soil water status in their impact on the regulation of stomatal behavior, gas exchange, and growth. In this article, we investigate the significance of this potential interaction.
Long-distance chemical signaling to shoots of perturbation of soil conditions requires that there should be a link between the chemical information content of the sap as it leaves the root and the information content of the chemical signal as it arrives at potential sites of regulation of gas exchange and growth in the shoot. There is very little information of this kind in the literature. This investigation of the nature of this link has necessitated the development of novel techniques to assess the pH of small samples of xylem sap and the pH of the leaf apoplast.
RESULTS
In vitro calibration using the pH indicator BCECF showed a linear relationship between sample pH and the ratio signal between pHs 5.5 and 7.5. In vivo calibrations using pH indicators SNARF and NERF showed linear relationships between pHs 4.8 and 6.3 (Fig. 1) . Different dyes were used in different experiments as detailed below.
Xylem saps were collected by exudation from either stem bases or tips of leaf blades of Commelina communis, sunflower (Helianthus annuus), and tomato (Lycopersicon esculentum). In all cases, pHs of xylem sap exuding from the stem bases were more acidic than those exuding from the leaf tip (Fig. 2) . Pseudo color ratio-images of the pH indicator BCECF loaded into sunflower stems and leaf vascular systems (Fig. 3 ) supported in vitro pH assessments and showed that stem base sap pH measured in vivo was significantly more acidic than sap in the midribs of leaves.
Pressurized whole plants yielded xylem sap at a range of pressures and flow rates (Fig. 4) . The faster that sap flowed through the plant, the more acidic the sap pH. To assess the buffer capacity of xylem sap, different concentrations of MES buffer were fed to derooted sunflower plant sealed in a pressure chamber with a single leaf protruding. The pH of the MES buffer was 5.3, which corresponded to the value in xylem sap collected from well-watered sunflower plants. Leaf xylem sap was collected from the midrib at a rate equivalent to the transpiration rate, and pH was determined using the pH indicator BCECF. When buffer capacity was low, xylem sap collected from leaves was significantly more alkaline than the sap fed to the base of the plant (Fig. 5) . These data suggest the removal of protons from the sap as the transpiration stream moves through the plant. This conclusion is supported by the application of the proton-ATPase Figure 1 . In vitro or in vivo calibration of pH indicators. In vitro calibration was conducted using BCECF (A). The excitation was sequentially set to 488 and 476 nm at power intensities of 5%, and emission fluorescence at 525 to approximately 545 nm was collected. Fluorescence intensity determined at 488 and 476 nm, respectively, was used to calculate the ratio (488 nm/476 nm). In vivo calibration was conducted using either NERF or SNARF (B). For NERF (s), excitation was sequentially set to 514 and 488 nm at power intensities of 5%, and emission fluorescence at 530 to approximately 550 nm was collected. Fluorescence intensity respectively determined at 514 and 488 nm was used to calculate the ratio (514 nm/488 nm). For SNARF (d), excitation was set to 488 nm, and emission fluorescence was collected respectively at 570 to approximately 590 nm and 630 to approximately 650 nm. Fluorescence intensity respectively determined at 570 to approximately 590 nm and 630 to approximately 650 nm was used to calculate the ratio (630 to approximately 650 nm/570 to approximately 590 nm). inhibitor vanadate with xylem sap. These treatments reduced the pH of xylem sap collected from the leaf midrib. In other words, vanadate has prevented the alkalinization of the xylem sap as it moved through the plant (Fig. 6 ).
Our techniques detected significant variation in apoplastic pH of the leaves in response to variation in soil water status, nutrient supply, and evaporative demand (Fig. 7) . In tomato, mild soil drying resulted in an alkalinization of the apoplast (pH 5.3-5.6), while the effect of feeding nitrate to plants rather than ammonium increases the leaf apoplast pH from around 5.0 to above 6.0 (Figs. 7 and 8 ). These results show clearly that xylem sap leaving roots with a pH that largely reflects the water and nutrient availability in the rooting substrate can in some plants impact on leaf apoplastic pH and therefore has the capacity to influence growth, gas exchange, and stomatal functioning, arguably to match these variables to resource availability. It is clear, however, from the data in Figure 7 that the rate at which the transpiration stream moves through the plant also has a significant effect on the pH of the sap arriving in the shoot and therefore the pH of the leaf apoplast. At high vapor pressure deficit, the transpiration stream moves rapidly, and the resulting apoplast pH is more acidic than that in the shoots of plants transpiring more slowly. These results are consistent with those data shown in Figures 5 and 6 and suggest that the longer the residence time of sap in the plant (slower transpiration rate), the more protons are removed, resulting in greater alkalinization of sap and leaf apoplast. These data suggest that the plant may have a means to measure and respond to its own transpiration rate.
It is clear from the data presented above that a number of different variables will influence leaf apoplastic pH and thereby potentially influence stomatal behavior. To test this hypothesis, detached leaves of Commelina were fed artificial xylem saps with and without low concentrations of ABA and with different ionic species in the saps. When ABA was fed with distilled water, a reduction in leaf conductance of around 40% to 50% was generated. Addition of increasing concentrations of nitrate to this sap increased the impact of ABA on stomata, while addition of ammonium ions decreased the ABA effect (Fig. 9 ). Increasing concentrations of sodium and potassium chloride had no effect on the sensitivity of Commelina stomata to ABA. The mechanistic basis of the modification in ABA sensitivity of stomata as a result of variation in concentration of different N species was tested via an experiment with isolated epidermis of Commelina (Fig. 10) . Stomata in epidermis incubated on buffer opened to around 16 mm, and addition of potassium nitrate and ammonium chloride at 20 mM had no effect on stomatal opening whether or not 10 mM ABA was added to the incubation buffer. ABA alone reduced stomatal aperture in this assay to around 6 mm. The absence of an effect of nitrate and ammonium ions on stomata in isolated epidermis contrasts with the significant effects of these same concentrations of ions applied to whole leaves (Fig. 9) . The contrast in effects argues for an indirect effect of nitrate and ammonium on stomata, rather than a direct effect on guard cells. It can be inferred that effect of nitrate or Xylem sap, collected from well-watered sunflower plants, was fed to derooted plants with a single leaf sealed in a pressure chamber, and saps were collected from the midrib of the leaf blade. Sap flow rate was first increased in steps by application of pressure at 0.03 MPa/min, and when the flow rate was about 1.53 the estimated transpiration rate, pressure was adjusted back to the initial balance point. In both phases of pressurization, about 2 mL sap was collected for pH measurement after pressure had been constant at each plateau value for 5 min. pH was determined using pH indicator BCECF. d, Increasing pressure; s, decreasing pressure. Values are means 6 SE of four plants. Figure 5 . Effect of buffer capacity on leaf xylem sap pH. Different concentrations of MES buffer were fed to derooted sunflower plants with a single leaf sealed in a pressure chamber. The pH of the fed MES buffer was 5.3, which corresponded to the pH of xylem sap collected from well-watered sunflower plants. Leaf xylem sap was collected from the midrib at a rate that corresponded with the transpiration rate, and pH was determined using pH indicator BCECF. Values are means 6 SE of four sap samples.
ammonium on apparent stomatal sensitivity to ABA is due to their effects on the modification of leaf apoplastic pH and the distribution of ABA in the leaf.
To investigate whether nitrate was able to modify stomatal sensitivity to root signals in intact plants, intact tomato plants rooted in compost were subjected to a mild soil-drying treatment with nitrate supplied in the soil (control with no nitrate added). Stomata closed as soil dried ( Fig. 11 ) with no apparent change in shoot water status. Sensitivity of stomata to soil drying was significantly increased by addition of 20 mM potassium nitrate to the soil before the soil-drying treatment was initiated. While soil drying led to an increase in xylem sap pH, in this experiment, it led to a decrease in nitrate content of xylem sap (Fig. 12) . Moreover, addition of extra nitrate to prevent the soil dryinginduced decrease of nitrate content was not able to prevent the pH increase, suggesting that the soil drying-induced pH increase in this plant (tomato) was not related to the changes of nitrate content of xylem sap. Surprisingly, further experiments revealed that while soil drying decreased xylem nitrate content in tomato plants (Fig. 12) , the same soil-drying treatment significantly increased the nitrate content of xylem sap in Commelina plants (Fig. 13C) , perhaps because of a greater restriction of water flux by drought in this plant.
DISCUSSION
We report here on a confocal microscope technique that allows an assessment of both the pH of small (2 mL) samples of extracted xylem sap and the pH of the leaf apoplast and the xylem contents (measured in planta). This technique allows for the first time, to our knowledge, in individual plants, a demonstration of the link between the pH of the sap leaving the root and the pH of the leaf apoplast, a key requirement for longdistance signaling of the impacts on shoot growth and functioning of perturbations in the soil environment.
In the well-watered, conventionally fertilized plant, a relatively acidic xylem sap and leaf apoplast will cause ABA arriving in the transpiration stream to partition into alkaline compartments in the leaf with consequent restricted access for the hormone to sites of action on the guard cells. These alkaline compartments are the symplast of the leaf cells and the phloem, and this kind of partitioning is referred to as alkaline trapping of ABA (e.g. Slovik et al., 1995) . The alkaline trapping hypothesis suggests that even when there is a substantial amount of ABA in the xylem stream, this may not necessarily affect stomatal behavior (and growth; Bacon et al., 1998) because, at acidic apoplastic pHs, the hormone will not reach appropriate binding sites, e.g. on the guard cells. It now seems clear that higher xylem sap pHs can result from a variety of plant stresses (e.g. soil drying and high radiant load; Wilkinson and Davies, 2002) and that this sap arriving Figure 6 . Effect of vanadate on leaf xylem sap pH. Xylem sap, collected from well-watered sunflower plants, was fed to derooted plant with a single leaf sealed in a pressure chamber. Leaf xylem sap was collected from the midrib at a rate (achieved via pressurization) that corresponded with the transpiration rate (determined gravimetrically), and pH was determined using the pH indicator BCECF. A, Xylem sap before feeding; B, leaf xylem sap collected from midrib with no vanadate in the fed xylem sap; C, leaf xylem sap collected from midrib with the fed xylem sap containing 100 mM vanadate; and D, leaf xylem sap collected from midrib with the fed xylem sap containing 500 mM vanadate. Values are means 6 SE of four sap samples. Leaf apoplastic pH as affected by xylem pH, transpiration rate, and ions. To assess leaf apoplastic pH in relation to xylem pH, detached C. communis leaves were fed with 8 mM MES buffer of either pH 5.0 (A) or 6.0 (B). The pH indicator NERF was fed together with MES buffer. To assess leaf apoplastic pH in relation to transpiration rate, pH indicator NERF was first fed to intact plants through root system, then the plants were allowed to transpire for 1 h under one of two different humidity conditions, i.e. 35% (C) and 90% (D). To assess leaf apoplastic pH in relation to nitrate and ammonium, detached C. communis leaves were fed with either 20 mM nitrate (E) or 20 mM ammonium (F), with the pH indicator SNARF fed together with the nitrate or ammonium solution. Values are means 6 SE of six determinations. in the leaf will increase the pH of the shoot apoplast. As a result of this increase in pH, ABA arriving in the transpiration stream will reside longer in the leaf apoplast with enhanced access for the hormone to stomatal binding sites and consequently has greater impact on stomatal behavior and potentially also on growth. This is an attractive hypothesis providing the potential for sensitive, dynamic control of gas exchange (and growth) that can be ABA-based but does not require the de novo synthesis of extra quantities of the hormone. Rather, enhanced delivery of an active molecule regulating gas exchange can be achieved via increased delivery into the plant compartment in contact with the guard cells (and potentially also the binding sites for the regulation of growth) via a redistribution of existing hormone.
There is much information in the literature to show how the water status of the soil, the nutrient status of the soil, and a variety of other conditions can affect the pH of the sap in the xylem (for a summary, see Wilkinson and Davies, 1997) . Further, several studies have now shown a link between xylem sap pH and stomatal behavior and growth (Wilkinson and Davies, 2002) . The implication in this work is that changes in xylem sap pH feed through to affect apoplastic pH and thereby influence leaf growth and functioning via an . Effect of nitrate on stomatal sensitivity to PRD. Ten days after germination, tomato plants were transplanted with roots of individual plants separated into two equal parts and placed into separate pots as described in ''Materials and Methods.'' After growth for a further 3 weeks, PRD was carried out by withholding water from one pot. For nitrate treatment, on the day before PRD was performed, 20 mM potassium nitrate was poured on to the soil of some pots. Leaf water potential was measured using a pressure chamber, and leaf conductance was measured using a porometer. d, Well watered on both pots; n, water withheld from one pot; n, watering withheld from one pot supplied with extra nitrate. Values are means 6 SE of five samples. Symbols above the plot (C) indicate statistical significance between treatments according to t test with a 95% confidence.
impact on the distribution of ABA in the leaf, as described above. There can also be direct effects of pH changes on stomatal behavior, but in this case increases in pH are often correlated with stomatal opening (Wilkinson and Davies, 1997 ). This article now shows for the first time, to our knowledge, how solutions with different pHs fed to detached leaves through the xylem can impact apoplastic pH, determined directly with fluorescent pH-sensitive dyes viewed through the confocal microscope (Figs. 7 and 8). It is clear that nitrate ions fed through the transpiration stream can alkalinize the leaf apoplast. Importantly and consistently with the hypothesis outlined above, nitrate solution fed both to detached leaves and to intact plants will impact on the effects of low concentrations of ABA on stomata and the effects of mild soil drying on gas exchange (Figs. 9 and 10). Increasing concentrations of nitrate in the xylem sap increase stomatal sensitivity to ABA application and to soil drying, exactly what would be predicted if increased apoplastic pH allows a given dose of ABA increased access to binding sites for ABA action on the guard cells. This article shows that as xylem sap leaves the root and moves through the plant to the shoot, it becomes significantly more alkaline (Figs. 2 and 3) . Experiments with proton-ATPase inhibitors suggest that this is because protons are removed from the xylem stream, presumably by ATPases associated with the xylem parenchyma (Fig. 6) . One of the implications of this is that if the transpiration stream is driven harder by, for example, high evaporative demand of the atmosphere, then xylem sap will reside for less time in the pathway between the leaf and the root, and the impact of ATPases on sap pH will therefore be less (Fig. 4) . Rapidly transpiring plants will therefore have lower xylem and apoplastic pHs than the same plants subjected to lower evaporative demands (Fig. 7) , and, via the moderation of apoplastic pH, stomata will therefore have the capacity to respond to/measure plant transpiration rate, as suggested by Monteith (1995) .
This variable may provide a more effective link between stomata and water flux than dehydration of the shoot. While there is a good relationship in many plants between transpiration rate and shoot water relations, this is not always the case (e.g. in isohydric plants). Hoffmann and Kosegarten (1995) have also noted an increase in pH from the stem xylem to microsites around the stomata of sunflower leaves, but they have not noted an impact of transpiration rate on the extent of this pH increase.
In functional terms, the importance of the response of the apoplastic sap pH to changes in soil water availability, nutrient status of the sap, radiant load, and transpiration rate can be viewed in the schematic shown in Figure 14 . At least in tomato, soil drying will alkalinize the pH of the xylem sap leaving the roots and also the apoplast of the shoots (Impact 1). This effect can be enhanced if the plants are well supplied with nitrate (Impact 2), and the effect of allowing wellfertilized soil to dry is that stomata are particularly sensitive to soil drying ( Fig. 9) and to low concentrations of ABA (Fig. 11) . These effects are consistent with repartitioning of ABA through the shoot according to pH gradients (note the lack of an interaction between the impact of N and pH on stomatal behavior in Figure 12 . Water deficit-induced pH changes in relation to nitrate content in tomato xylem sap. Soil drying was carried out, and pH or nitrate was determined on the sixth day after soil drying. WW, Well watered; S, water stressed; SN, water stressed with extra nitrate supplied to soil before drying. Values are means 6 SE of six samples. detached epidermis; Fig. 10 ). In addition, there is a very different impact of ammonium N on stomata (Fig.  9) , a response that is to be predicted because of the acidifying effect of this ion on apoplastic pH (Fig. 7) .
We have discussed elsewhere (Wilkinson and Davies, 2002 ) the alkalinization of apoplastic sap as a direct result of a high radiant load on shoots (Impact 3). This effect should allow the plant to integrate the impact on stomata of hot and drying climatic conditions with a reduction in soil water availability. Further, we have shown here how reduced transpiration fluxes as the stomata close will allow further alkalinization of xylem sap (Impact 4) due to the action of ATPases in the xylem parenchyma of the transpiration pathway. Reduced transpiration flux as a result of partial stomatal closure will feed back directly onto shoot water status ( Fig. 14 ; Impact 5) with potentially highly beneficial effects on plant development (Tardieu and Davies, 1993) .
While the schematic in Figure 14 allows us to hypothesize ways in which different soil conditions may interact to affect plant functioning, it does not throw light upon the mechanistic basis on which a change in soil water availability can impact on sap pH. One suggestion is that this occurs via a change in the nitrogen status of the sap (see e.g. Davies, 2006) . Plants that are well fertilized with nitrate will tend to show higher xylem and apoplastic pH (e.g. Mengel et al., 1994; Mü hling and Lauchli, 2001 ), but soil water deficit often reduces nitrate uptake and transport to shoots in the xylem (Shaner and Boyer, 1976; Fig. 12) , an observation that is not consistent with a drought-induced increase in xylem pH. One explanation for a marked drought-induced increase in the pH of the xylem sap and the apoplast in some plants (but not in all species; Wilkinson, 2004 ; this article) may be the proposed shift in nitrate reduction from shoots to roots that may occur in some plants as soil dries and drought develops (Lips, 1997) . This may result in more malate and related compounds being loaded into the xylem at low water potential that can alkalinize the xylem sap, even if nitrate contents of sap are substantially reduced . Although this article has not clearly revealed the mechanisms for droughtinduced increase in the pH of xylem sap, it provided evidence that xylem sap pH is not always related to the nitrate content of xylem sap, and, moreover, different plant species may adopt different mechanisms to manipulate the pH or nitrate content of xylem sap under drought condition (Figs. 12 and 13) . No matter what mechanisms for drought-induced changes in pH or nitrate content of xylem sap, this article provides evidence that, at least for C. communis, soil drying resulted in at least an initial increase in the nitrate content of the xylem sap. This observation is of particular significance because an increase in nitrate content of xylem sap can contribute to an increase the stomatal sensitivity to ABA (Fig. 9) , and, therefore, nitrate can be an important component of root-toshoot drought signaling in some plant species.
MATERIALS AND METHODS
We selected three different plant species for these studies: tomato (Lycopersicon esculentum), sunflower (Helianthus annuus), and Commelina communis. Commelina was used in studies of leaf apoplastic pH in relation to stomatal sensitivity to ABA, while tomato and sunflower were used to investigate rootto-shoot communication of the effects of changes in soil conditions. Seeds of C. communis were sown in John Innes Number 2 compost (Keith Singleton's Seaview Nurseries). After emergence, seedlings were transplanted into 90-3 90-mm pots and grown in a controlled environment with the following conditions: day/night temperature 27°C and 18°C, humidity 40%, photoperiod 15 h with a photosynthetic photon flux density (PPFD) of 350 mmol m 22 s 21 . Plants were watered daily to the drip point. When plants were 3 weeks old, the third fully expanded leaf was used as experimental material. Unless noted otherwise (e.g. in partial root drying [PRD] experiments), tomato and sunflower seeds were sown and grown as described for Commelina. Fourweek-old plants were used as experimental material. Figure 14 . Schematic showing the interacting effects of soil water status, soil nitrate status, radiant load, and transpiration rate on apoplastic pH and the regulation of growth and gas exchange. The impact of stomatal closure on plant water status and plant development is also shown. Numbers 1 to 5 refer to impacts discussed in the text.
Chemicals
BCECF, DM-NERF, and SNARF were sourced from Molecular Probes. The nitrate test kit was from Nitrate Elimination, and other chemicals were from Sigma.
In Vitro Calibrations and Micro-Determination of pH in Sap Samples
Determination of pH of xylem sap samples generally requires that a relatively large volume of sap is collected (several tens or hundreds of microliters). Here, we developed a method (the micro-determination method) using a sap sample of less than 0.5 mL. The micro-determination of pH was based on ratiometric measurement using the pH indicator BCECF-dextran.
A glass frame (60 mm 3 26 mm with the frame width of 5 mm and thickness of 0.2 mm) was mounted on a microscope slide. With such a design, as many as 20 individual sap samples may be spotted inside the frame. For in vitro calibration or pH determination, 0.5-mL sap samples were mixed with 0.5 mL BCECF solution (500 mg/mL in distilled water). The mixture (1 mL) was placed on the slide and a coverslip was put in place, after which the pH of samples was directly assayed using a confocal microscope system (Leica SP). The excitation wavelengths were respectively set to 476 and 488 nm at power intensities of 5%, and the fluorescence emission window was set to 525 to 545 nm. Fluorescence images were acquired using a 103 objective, and the mean fluorescence intensities were calculated based on whole images. For in vitro calibration, a pH calibration standard was usually made with a buffer system such as phosphate or MES. In our preliminary experiment, we found that these buffers produced a calibration curve, which was rather different from that produced with xylem sap-adjusted pH standards. For this reason, to make a pH calibration standard, we adopted xylem sap-adjusted pHs instead of buffers. To do this, about 2 mL of xylem sap was collected and adjusted, with 10 mM KOH, to a pH series as follows: pH 5.0, 5.5, 6.0, 6.5, 7.0, and 7.5. Our preliminary study confirmed that the pH value determined by the method described above was the same as determined by a pH meter.
Dye Loading and Apoplastic pH Measurement
The pH indicator NERF could be loaded through the intact root system and the dye accumulated very largely in the leaf apoplast. In some experiments, the pH indicator SNARF was used instead of NERF because NERF production was discontinued during the study. When the second leaf of Commelina was fully expanded, the plant was carefully washed out from soil with plenty of water. The plants were transferred into water and incubated for 1 h before transfer to NERF solution (100 mg/mL) in a 20-mL tube and allowed to transpire for 1.5 h under growth conditions. To investigate the leaf apoplastic pH in relation to different transpiration rates, after the loading of dye was completed, the plants were taken out of the dye solution, and immediately roots were put into water and plants were held at 25°C at each of two different atmospheric humidities, i.e. 35% and 90%, respectively. The plants were allowed to transpire for a further 1 h, then the whole plant was fixed on the platform of the confocal microscope and the apoplastic pH was determined immediately (see below).
For calibration and some other experiments, a specific concentration of ions or chemicals was loaded into detached leaves. To load the dye relatively rapidly, which is important for investigations of variation in apoplastic pH in relation to variation in xylem sap pH, a pressure-facilitated loading method was developed. Briefly, when the third leaf of Commelina was fully expanded, the second leaf with 5 cm of stem attached was cut under degassed water. NERF or SNARF solution (200 mg/mL) was contained in a specially designed 2-mL vial. A rubber pad was mounted inside the cap of the vials, and a central hole was made in the cap and pad (5 mm in diameter), through which the stem of a detached leaf was inserted. When the cap was screwed tight, the stem was tightly sealed by the pad. A syringe needle connected with a pressure chamber supplying a pressure of about 0.5 bar was injected inside the vial, and care was taken that the needle did not touch the stem and the dye solution. With such a vial, the detached leaves were allowed to transpire in the growth conditions. No water soaking of plant tissue was detected during dye loading using this method. After the dye had been loaded for 1.5 h, the leaf apoplastic pH was determined using the confocal microscope (see below).
For fluorescence imaging and ratiometric determination of leaf apoplastic pH, the pH indicator NERF was excited, respectively, with 514 nm and 488 nm at a power intensity of 20%, and the fluorescence window was set to 530 to 550 nm. For apoplastic pH measurement with SNARF, a single excitation line was set to 488 nm, and two fluorescence windows were set to 570 to approximately 590 nm and 630 to approximately 650 nm, respectively. Fluorescence images were acquired with a 203 objective. In vivo calibration was carried out with detached leaves fed with calibration buffers containing: 100 mM MES, pH 5.0, 5.5, 6.0, or HEPES, pH 6.5 and 7.0, 120 mM KCL, 25 mM nigericin, and 1 mM KCN. For each pH determination, three leaves and two areas (about 400 mm 2 ) on either side of the midrib were examined. Leaf apoplastic pH was calculated based on the calibration curve.
Modification of Xylem Sap pH by the Leaf Vascular System

Collection of Leaf Xylem Sap
To compare xylem pH between stem base and leaf blade in the same plant, xylem sap was collected by exudation from sunflower, C. communis, and tomato. To collect xylem sap from the leaf blade, the tip of the blade was first cut off with a razor blade, a tiny drop of sap could be seen on the midrib surface, and, after the first drop of sap was wiped away, 2 to approximately 3 mL could be collected in less than 10 min. This was sufficient volume for pH determination using the micro-determination technique. To collect xylem from the stem base, the shoot was then cut from the stem base and the first exudation sap was wiped away, and 2 to 3 mL of xylem sap were collected within 10 min of cutting.
To assess the modification of the sap pH by the vascular system, sunflower plants were used. When the plants were 4 weeks old, all the leaves were detached except for the youngest fully expanded leaf. Whole or derooted plants were placed in a pressure chamber with the petiole sealed by a silicone rubber bung so that only the leaf blade was left outside. To collect leaf xylem sap, the upper part of the leaf blade was cut off, and xylem sap could be collected from the excision surface of the midrib. To study the effect of sap flow rate on leaf xylem sap pH, the whole plant was sealed in a pressure chamber and an increasing pressure was applied in steps with pressure increased between steps at around 0.03 MPa/min. Xylem sap was collected at each pressure plateau. When the sap flow rate was about 1.5-fold higher than the estimated maximum transpiration rate, gradually decreased pressure of 0.03 MPa/min was applied so that xylem sap could be collected at reducing flow rates. The transpiration of sunflower is very fast, and as pressure increased or decreased, up to 40 mL sap was expressed at each pressure step. To maximize the chance of achieving a steady state with respect to sap flow and pH at each pressure plateau, only the last few microliters were collected for pH determination. To study the effect of sap buffer capacity or H 1 -ATPase inhibitor on leaf xylem sap pH, derooted plants were placed in 10-mL vials containing either different concentrations of MES buffer or xylem sap collected from well-watered plants with vanadate added. The plants together with the vials were then sealed into a pressure chamber as described above and allowed to transpire. Xylem sap was collected at a pressure 0.05 MPa above the balancing pressure.
Fluorescence Imaging in Xylem Vessels
The modification of leaf xylem sap pH was observed in an intact vascular system by directly imaging the fluorescence of the pH indicator BCECF. When sunflower plants were 4 weeks old, a large quantity of exudation xylem sap was collected from well-watered plants. The freshly collected xylem sap was mixed with BCECF to make a final concentration of 1 mg/mL BCECF. The BCECF-containing xylem sap was fed to derooted plants as described above using a pressure chamber. When a drop of sap appeared on the excision surface of the midrib, florescence imaging was conducted immediately as described below. For imaging at the stem end, the plant was taken from the feeding vial and washed for a few seconds in distilled water. A thin section (about 2 mm) of stem was then cut with a sharp razor blade to remove the contaminated dye, following which a thick section (about 10 mm) was removed and quickly placed distal end down on a specially made plastic slide, the thickness of which was similar to that of a normal glass slide. For imaging at the end of the midrib, a thin section of the midrib was removed, following which, a thick section (10 mm) of midrib was cut off and quickly placed on the plastic slide. Initial tests proved that the adoption of a plastic film instead of normal glass slide together with a thick section of stem or midrib was essential because these measures could effectively prevent the capillary force and fast evaporation of xylem sap, which might make the imaging impossible. The setting of parameters for BCECF imaging was described above, and the imaging was conducted within 5 min of cutting.
Stomatal Sensitivity to ABA in Relation to Nitrate and Ammonium
Feeding Experiment
When Commelina plants were about 3 weeks old, the second fully expanded leaves were used as material for the feeding experiment. The shoots just above the second leaves were detached, and the whole plant was then cut from the stem base and immediately transferred to distilled water. After recutting under water just below the node of the second leaf, the leaves were quickly placed in Eppendorf tubes containing different kinds of feeding solution. Six different kinds of solution were individually fed: (1) different concentrations of KNO 3 containing 5 mM ABA; (2) different concentrations of NH 4 Cl containing 5 mM ABA; (3) different concentrations of KNO 3 ; (4) different concentrations of NH 4 Cl; (5) different concentrations of KCl; and (6) different concentrations of NaCl. Salt concentrations of 0, 2.5, 5, 10, and 20 mM were applied. To avoid a decrease of leaf water potential resulting from rapid transpiration, the feeding was conducted at a relatively low temperature and a high humidity, i.e. temperature 22°C, humidity 70%, and PPFD 300 mmol m 22 s 21 . The leaves were allowed to transpire for 2 h, and leaf conductance was then measured using a porometer (AP4; Delta-T Devices).
Experiment with C. communis Epidermis
The abaxial epidermis was carefully removed from the youngest fully expanded leaves of 5-week-old Commelina plants and immediately floated on 10 mM MES buffer, pH 6.2. The strips were floated mesophyll-side down and incubated for 2 h at PPFD of 350 mmol m 22 s 21 in petri dishes containing 10 mM MES, pH 6.2, and 50 mM KCl, through which CO 2 -free air was bubbled to fully open the stomata. Strips were randomly transferred to petri dishes containing different incubation buffers. Six incubations were used: (1) basic incubation buffer, i.e. 10 mM MES, pH 6.2, and 50 mM KCl; (2) basic incubation buffer 1 20 mM KNO 3 ; (3) basic incubation buffer 1 20 mM NH 4 Cl; (4) basic incubation buffer 1 10 mM ABA; (5) basic incubation buffer 1 10 mM ABA 1 20 mM KNO 3 ; and (6) basic incubation buffer 1 10 mM ABA 1 20 mM NH 4 Cl. After incubation for a further 2 h, the epidermal strips were immediately transferred to slides, and the apertures of 20 stomata (four replicates, 80 stomata total) measured under a projection microscope.
Measurement of Nitrate Concentration
Xylem sap nitrate concentration was determined using a Lab Nitrate Test kit with minor modification (Nitrate Elimination, catalog no. L-NTK-202). Briefly, 50 mL xylem sap was mixed with 200 mL reaction buffer (25 mM KPO 4 , 0.025 mM EDTA, pH 7.5, 50 mM NADH, 0.01 unit nitrate reductase). After incubation for 30 min at room temperature, 100 mL 1% sulfanilamide in 3 N HCl and 100 mL 0.02% N-naphthylethylenediamine was sequentially added to the reaction mixture. After incubation for a further 20 min, the A 540 was read using a spectrophotometer. Nitrate content was calculated based on a standard curve.
Experiments with Intact Plants Undergoing PRD
When tomato plants were 10 d old, the roots of individual plants were separated into two equal parts and placed into separate pots (90 mm in diameter) containing John Innes Number 1 compost. Preliminary tests showed that the size of the pots would allow soil drying in single pots for 2 weeks, by which time soil water potential decreased to about 21.5 MPa. Plants were watered daily to the drip point in both pots and grown on for another 3 weeks, following which PRD was performed. Before PRD was performed, plants were randomly grouped for three treatments: controls, where plants were watered well on both halves of the roots; a treatment where one-half of the roots were well watered and water withheld from the other roots; and a third treatment where on the day before PRD was performed, plants were supplied with 20 mM nitrate poured onto both halves of a separated root system (to the drip point), after which PRD was performed as described above. Preliminary tests showed that soil drying could lead to a significant decrease in xylem nitrate concentration in tomato and that supply of 20 mM nitrate solution just counteracted water deficit-induced reduction in nitrate concentration in xylem sap. Abaxial stomatal conductance (gs) was measured using a porometer (AP4; Delta-T Devices) at various times during the process of PRD. Leaf water potential was measured using a pressure chamber (Soil Moisture Equipment).
Soil Drying-Induced Changes in Xylem pH or Nitrate Content
To investigate soil drying-induced changes in nitrate content in C. communis and tomato, 4-week-old plants were used, and water was withheld from treatment plants while control plants remained well watered. On different days after soil drying, pH, xylem sap nitrate content, leaf conductance, leaf water potential, and volumetric soil water content were determined with a whole plant pressure chamber, as described above. In addition, 20 mM KNO 3 was poured onto soil (to the drip point) around some tomato plants on the day before soil drying. Initial tests showed that supplying 20 mM KNO 3 was able to prevent the decrease in xylem sap nitrate content brought about by soil drying.
